Background: Since lung cancer is the major cause of death not only in Japan but in many other industrialized countries, the development of new therapeutic modalities is quite important. In patients with melanoma, immunotherapy with some tumor antigens has been shown to result in tumor regression. However, little is known about specific immune responses and tumor antigens in lung cancer, due to difficulty in establishing appropriate lung cancer cell lines. In order to resolve these difficulties, we tried to establish and characterize lung cancer cell lines as useful tools for the analysis of tumor-specific immune responses in patients with lung cancer. Key words: cytotoxic T lymphocyte; lung cancer; major histocompatibility complex class I and class II; tumor cell line Abbreviations: CM ϭ culture medium; CTL ϭ cytotoxic T lymphocyte; EBV-B ϭ B cells immortalized by the Epstein-Barr virus; HLA ϭ human leukocyte antigen; IFN ϭ interferon; mAb ϭ monoclonal antibody; MHC ϭ major histocompatibility complex; PBL ϭ peripheral blood lymphocyte; RLNL ϭ regional lymph node lymphocyte
L
ung cancer is the leading cause of cancer death not only in Japan but in many other industrialized countries because of its increasing frequency of occurrence, as well as its resistance to currently available chemotherapy and radiation therapy. 1, 2 Therefore, the development of new modalities of treatment is important to provide improved cure rate for this disease.
Tumor regression antigens, which are recognized by cytotoxic T lymphocytes (CTLs), have been identified from melanoma complementary DNA, [3] [4] [5] and have been shown to act as specific targets for immune recognition in patients with melanoma.
Immunotherapy using some of these tumor-specific peptide antigens as vaccine therapy has been shown to result in tumor regression in some of melanoma patients. 6, 7 Up to now, little is still known about tumor antigens in lung cancer, because of the difficulty in establishing lung cancer cell lines from tumor samples. In the present study, we established 15 lung cancer cell lines from surgically resected specimens of lung cancer patients, and thus analyzed the expression of major histocompatibility complex (MHC) class I and class II molecules, and the ability of tumor cells to induce CTLs by transfecting with CD80 into the cell lines.
Materials and Methods

Specimens
Tumor samples were obtained from patients with lung cancer undergoing diagnostic and therapeutic procedures. All patients gave informed consent for the use of surgical samples for these investigational and analytical studies. Most of the tissue samples were obtained from surgically resected tumor tissue specimens (549 cases); but, when possible, pleural (10 cases) and pericardial effusions (5 cases) or metastasized lymph nodes (6 cases) were also obtained. All samples were immediately placed on ice following surgical resection, thoracentesis, or pericardiocentesis, and were transported to our laboratory. One half of the samples were used for these studies, and the rest of the samples were processed for pathologic or cytologic examination.
Culture Medium
The culture medium (CM) consisted of RPMI-1640 medium (Gibco; Grand Island, NY) supplemented with 10 mM hydroxyethyl piperazine-ethanesulfonic acid, 100 U/mL of penicillin, 100 mg/mL of streptomycin, and 10% heat-inactivated fetal calf serum (Gibco).
Preparation of Lung Cancer Cells From Resected Samples
Tumor cells were prepared as described previously. 8 Briefly, fresh tumor tissues and lymph nodes with metastasis were excised from patients with lung cancer. Both necrotic tissue and apparently normal tissue were discarded, and the remainder of the tumor tissue was then minced into small pieces (approximately 1 mm 3 ) with scissors. This minced tissue was shaken with a mixture of 0.1 mg/mL of deoxyribonuclease type I, 1 mg/mL collagenase type IV, and 0.5 mg/mL of hyaluronidase type V (all from Sigma Chemical; St. Louis, MO) in CM at 150 revolutions per minute in a water bath at 37°C for 1 h. This resultant cell suspension was washed in Hanks balanced salt solution, applied to a FicollHypaque gradient (LSM; Organon Teknika; Durham, NC) and then centrifuged (1,000g for 30 min). The pleural and pericardial effusions were also subject to Ficoll-Hypaque gradient separation. The interface was collected and washed three times with Hank's balanced salt solution and suspended in CM in order to use as tumor cells. When a growth of fibroblasts was noted in the cultures, they were removed using a cell scraper. Fifteen tumor cell lines were generated from the above preparations and were maintained for Ͼ 12 months as a monolayer culture by serial passages in CM. The human leukocyte antigen (HLA) genotype of established lung cancer cell lines was identified by using polymerase chain reaction (Shionogi; Tokyo, Japan).
Transfection of CD80 Into Lung Cancer Cell Lines
Lung cancer cell lines were transfected with 2 g of the pBj/hCD80 plasmid containing human CD80 gene (kindly provided by Dr. M. Azuma; National Children's Medical Research Center) 9 using a lipofectamin reagent (Gibco) according to an instruction manual. These cell lines were selected with G418, 1 mg/mL, for Ͼ 1 month.
Preparation of Regional Lymph Node Lymphocytes and Peripheral Blood Lymphocytes
Regional lymph nodes lymphocytes (RLNLs) and peripheral blood lymphocytes (PBLs) from patients with lung cancer were obtained at the time of surgery. Each lymphocyte was prepared using the method described in our previous report, 8 and PBLs were subject to MHC class I serotyping (SRL; Tokyo, Japan).
Generation of Epstein-Barr Virus-Transformed B Cells
Autologous B cells immortalized by the Epstein-Barr virus (EBV-B) were produced from patients with lung cancer by infection of peripheral blood mononuclear cells with supernatant form the Epstein-Barr virus producer line B95.8. The HLA genotype of autologous EBV-B was identified by Shionogi Company (Tokyo, Japan).
Induction of CTLs
RLNLs were stimulated with solid-phase anti-CD3 monoclonal antibody (mAb) [Ortho Pharmaceutical Corporation; Raritan NJ] for 48 h, and then were expanded in CM containing 50 U/mL recombinant interleukin-2 (kindly donated by Takeda Chemical Industries; Osaka, Japan) in 24-well plates (Iwaki Glass; Tokyo, Japan) for 14 days at 37°C in a 5% CO 2 atmosphere as previously reported. 8 Subsequently, the lymphocytes were stimulated with irradiated (100 Gy) CD80-transfected autologous tumor cells weekly at a tumor-to-lymphocyte ratio of 1:10 in CM with 50 U/mL recombinant interleukin-2 for 3 weeks. The CTL activity was assessed at the end of the culture.
mAb
The culture supernatants of American Type Cell Culture HB-145 (IVA12; anti-HLA-DR, -DP, -DQ mAb), ATCC HB-95 (W6/32; anti-HLA-A, -B, -C), CRL-8002 (OKT 4; anti-CD4) and CRL-8014 (OKT 8; anti-CD8) were purchased (American Type Cell Culture; Rockville, MD) and used as sources for blocking mAb and for analyzing the expression of MHC class I and II molecules on the cell surfaces.
Flow Cytometry
For indirect staining, the cells (2 ϫ 10 5 ) were incubated with either the first mAb or murine IgG (control) for 30 min at 4°C. They were washed and stained with fluorescein isothiocyanate-conjugated anti-mouse IgG. A fluorescence analysis was performed using a flow cytometer (EPICS XL; Coulter International; Fullerton, CA). 10 
Cytotoxicity Assay
The cytotoxicity of CTLs against the tumor cells was examined by a standard 51 Cr-release cytotoxicity assay as previously de-scribed. 8 Briefly, the 51 Cr-labeled target cells were incubated with effector cells at different effector-to-target ratios in 96-well round-bottomed microplates (Nunc; Roskilde, Denmark). The supernatants were collected after 4 h of incubation at 37°C in 5% CO 2 for the measurement of the chromium released from lysed cells.
Detection of Interferon-␥ by Enzyme-Linked Immunosorbent Assay
The CTLs (10 6 /mL) were co-cultured with autologous tumor cells (10 5 /mL) for 24 h, and the amount of interferon (IFN)-␥ in the supernatant was measured (Human Interferon Gamma ELISA Test Kit; Amersham International; Little Chalfont, Buckinghamshire, England). The sensitivity limit of the IFN-␥ (enzyme-linked immunosorbent assay) is 2 pg/mL
Statistical Test
Data were analyzed using Student t test for comparison of means, and 2 analysis for comparison of proportions.
Results
Establishment of Lung Cancer Cell Lines and Clinical Features
From January 1996 to July 2000, tumor cells that were obtained mainly from digestion of 570 lung cancer tissues into single cells with a mixture of enzymes were put into a culture in an attempt to directly establish permanent lung cancer cell lines. Fifteen of the 570 specimens (2.6%) could thus be established as stable cell lines (14 cell lines from resected tumor tissues and 1 cell line from pericardial effusion). The 15 cell lines comprised eight adenocarcinomas, two squamous cell carcinomas, three large cell carcinomas, one adenosquamous carcinoma, and one small cell carcinoma. These cell lines can be maintained as adherent cells in continuous culture for Ͼ 12 months. Next, we investigated the clinical status of the patients whose tumor cells were established as in vitro culture cell line. Table 1 shows the characteristics of 570 patients, such as stage, sex, age, and histology. The success rate of the establishment of lung cancer cell lines was significantly higher in patients at advanced stages III and IV than in patients at stages I and II (p ϭ 0.004). As shown in Table 2 , 10 of 15 patients (67%) have already died, and 11 of 15 patients (73%) were at extended stage (stage III or stage IV) at diagnosis.
Expression of MHC Class I and Class II Molecules in Established Cancer Cell Lines
We examined the expression of MHC class I and class II molecules in the 15 established cell lines. As shown in Table 3 , MHC class I molecules were expressed in 12 of 15 cell lines (80%) on their cell surfaces by flow cytometry. In contrast, MHC class II molecules were expressed in 3 of 15 cell lines (20%). These results suggest that most of lung cancers express MHC class I molecules on their cell surfaces for the presentation of certain antigens recognized by CD8-positive T cells. 
MHC Class I Genotypes of Lung Cancer Cell Lines
Since the loss of MHC class I molecules was found in 3 of 15 cell lines by flow cytometry, we next examined the MHC class I genotypes of established cell lines to determine whether MHC class I gene was lost or not, and whether or not a loss of MHC class I haplotype occurred. As shown in Table 4 , all of the lung cancer cell lines had MHC class I genes, and 6 of 15 cell lines (40%) had a haplotype loss of MHC class I antigens in comparison with those of either EBV-B or the serotyping of autologous PBLs. There was no relationship between the expression of MHC class I on cell surfaces by flow cytometry and the haplotype loss of MHC class I antigens. The expression of MHC class I molecules on the cell surfaces needed for the presentation of peptide antigens to CTLs of the immune system. 11 The loss of MHC class I molecules on the cell surfaces and the haplotype loss of MHC class I antigens may be one of the mechanisms by which tumor cells escape from immune detection.
Induction of CTLs Specific for Autologous Lung Cancer Cells
Since 12 of the established cell lines proved to express MHC class I molecules on their surfaces, we attempted to generate autologous tumor-specific CTLs by stimulation with either autologous tumor cells or CD80-transfected autologous tumor cells. We previously reported the increased success rate of induction of tumor-specific CTLs in patients with lung cancer using CD80-transfected autologous tumor cells. 9 In this study, as shown in Table 5 , we successfully obtained tumor-specific CTLs from all eight patients tested by in vitro stimulation with CD80-transfected autologous tumor cells, although CTLs were induced in two of eight patients by stimulation with autologous tumor cells without CD80 transfection. These results suggest that costimulatory molecules expressed on tumor cells are needed to induce CTLs effectively, and that the tumor-specific antigens recognized by CTLs are (Fig 1) . The CTLs produced IFN-␥ in response to autologous tumor cells. To further analyze the mechanism of recognition by the CTLs, blocking assays with anti-MHC class I, MHC class II, CD4, and CD8 mAbs were performed (Fig 2) . Anti-MHC class I mAb and CD8 mAb were thus found to significantly inhibit the IFN-␥ production from the CTLs, but not anti-class II or CD4 mAb. The CTLs from the other seven patients showed the similar activities. These results indicated that the recognition by the CTLs was restricted by MHC class I molecules.
Discussion
Generally, it is more difficult to establish lung cancer cell lines compared with melanoma cell lines that have been well analyzed in the field of tumor immunology. Several studies 12, 13 have reported that the establishment of lung cancer cell lines was difficult in serum-supplemented growth medium with a low success rate (Ͻ 10%). However, it was reported that the use of chemically defined medium such as ACL-3, ACL-4, and HITES could definitely increase the establishment rate of a lung cancer cell line (approximately 20 to 72%). 14 -17 First, we tried to establish lung cancer cell lines in a serum-free medium and succeeded in maintaining them for a few passages, but failed to cultivate them for long periods of time as stable cell lines. We, therefore, attempted to establish cell lines with serum-supplemented growth medium, and 15 lung cancer cell lines (2.6%) were thus obtained from 570 specimens, including tumor tissues, pleural and pericardial effusions, and metastatic lymph nodes. Since the success rate of establishing such cell lines was very low, the optimal growth factors for the primary culture of such tumor cells need to be further elucidated. There have so far been several reports concerning the prognostic impact of ability to establish cell lines in vitro on survival. The ability to establish cell lines was reported to correlate with a low survival rate in patients with lung cancer from whom tumor cells were derived. 17, 18 Our findings are that the success rate of establishment of lung cancer cell lines was higher in patients at such advanced stages as III and IV than in those at early stages as I and II (Table 1) . Ten of 15 patients (67%) whose tumor cells were established as in vitro culture cell line have already died, and 11 of 15 patients (73%) were at extended stage (stage III or stage IV) at diagnosis ( Table 2) . A review 19 of the literature reported an absolute lack of MHC class I antigens in approximately 15% and 55% of the surgically removed primary and metastatic melanoma lesions, respectively, stained in immunohistochemical reactions by mAb to monomorphic determinants of HLA class I antigens. The explanation for this mechanism is considered to be loss of transporter molecules, 20 mutation localized within ␤ 2 -microglobulin gene, 21 and the absence of binding of transacting factors involved in MHC class I regulation. 22 Although all of lung cancer cell lines in the present study had MHC class I genes by polymerase chain reaction (Table 4) , the loss of MHC class I molecules was found in only 3 of 15 cell lines (20%) on their surface by flow cytometry (Table 3) . A haplotype loss of MHC class I antigens was found in 6 of 15 lung cancer cell lines (40%) [ Table 4 ]. Hiraki et al 23 reported that a haplotype loss of MHC class I antigens was found in three of seven non-small cell lung cancer cell lines (43%). Grandis et al 24 reported that the haplotype loss of MHC class I antigen in squamous cell carcinoma of the head and neck was found in 13 of 26 cell lines (50%). Although a haplotype loss of MHC class I antigens was found in cancer cell lines reported here, CTLs that may recognize tumor antigens presented by the remaining HLA molecules could be successfully derived from all four cell lines (A110 L, A129 L, A904 L, and A529 L) with a haplotype loss ( Table 5 ). These findings suggest that tumor-specific T cells existed even in patients whose tumors showed a haplotype loss of MHC class I antigens, indicating a possibility of T-cell-mediated immunotherapy for lung cancer patients.
It is well accepted that CTLs require two signals to activate. The first signal is interaction of T-cell receptor with MHC class I antigen complex. The second signal is interaction of T-cell receptor and costimulatory molecules such as CD80. 25 We previously reported that CD80 on tumor cells could be a beneficial costimulatory molecule to elicit CTLs against lung cancer. 9 In this report, CTLs were successfully derived from all eight patients tested by using CD80 transfectants as stimulator cells (Fig 1,  2) . CD80 transfectants thus were good tools to detect tumor-specific CTL responses in lung cancer patients. These results suggest that tumor antigens recognized by CTLs might exist in most of lung cancer cells by means of CD80 transfectants, as previously reported in melanoma. 3, 26 In melanoma, some of the tumor antigens recognized by CD4 T lymphocytes have been identified. [27] [28] [29] In our study, three lung cancer cell lines expressed MHC class II molecules on their cell surfaces (A925 L, A529 L, and E522 L). For this reason, these cell lines will be suitable tools for identifying MHC class II-restricted antigens recognized by CD4 T lymphocytes. Moreover, immunities specific for tumor cells have been reported to be mediated by either antibodies or CTLs, but both of immune responses also required the help of CD4 T lymphocytes. 30 If CTLs and antibodies specific for tumor cells are detected in patients with lung cancer, then MHC class II-restricted CD4 T lymphocytes may be potentially useful for clinical applications.
Immunization with both MHC class I-and class II-restricted tumor antigens may induce antigenspecific CTLs and CD4 T lymphocytes. Therefore, these cell lines could be useful as a valuable in vitro model for further biological and experimental studies, and as identification of tumor antigens recognized by MHC class I-restricted CD8 T cells, MHC class II-restricted CD4 T cells, and antibodies. The cell lines are therefore considered to be important tools for identifying tumor antigens.
